The classical dopamine hypothesis of schizophrenia postulates a hyperactivity of dopaminergic transmission at the D2 receptor. We measured in vivo occupancy of striatal D 2 receptors by dopamine in 18 untreated patients with schizophrenia and 18 matched controls, by comparing D2 receptor availability before and during pharmacologically induced acute dopamine depletion. Acute depletion of intrasynaptic dopamine resulted in a larger increase in D 2 receptor availability in patients with schizophrenia (19% ؎ 11%) compared with control subjects (9% ؎ 7%, P ‫؍‬ 0.003). The increased occupancy of D2 receptors by dopamine occurred both in first-episode neuroleptic-naive patients and in previously treated chronic patients experiencing an episode of illness exacerbation. In addition, elevated synaptic dopamine was predictive of good treatment response of positive symptoms to antipsychotic drugs. This finding provides direct evidence of increased stimulation of D2 receptors by dopamine in schizophrenia, consistent with increased phasic activity of dopaminergic neurons.
S
chizophrenia is a chronic mental illness characterized by disturbances of thoughts, perceptions, volition, and cognition. Schizophrenia typically emerges during late adolescence, and the course of the illness is usually characterized by alternating episodes of illness exacerbation and partial remission (1) . Manifestations of the illness are commonly divided into positive (delusions, hallucinations, thought disorganization, paranoia), negative (lack of drive and motivation, alogia, social withdrawal), and cognitive symptoms (poor performance on cognitive tasks involving attention and working memory) (2, 3) .
The prognosis of schizophrenia has been dramatically improved with the introduction of antipsychotic medications in the late fifties (4) . Because all antipsychotic drugs are antagonists at the D 2 receptor (5, 6) , an alteration of dopamine transmission at this receptor has long been suspected to play a role in the pathophysiology of schizophrenia. Specifically, excess D 2 transmission has been proposed to underlie positive symptomatology because these symptoms respond better to D 2 receptor blockade compared with negative or cognitive symptoms (for references and review see ref. 7) .
With the advance of brain imaging techniques, direct evidence suggestive of dysregulation of dopaminergic transmission in schizophrenia has emerged. First, four of five imaging studies have documented an increase in the striatal accumulation of [ 18 F]fluorodopa or [ 11 C]dopa in patients with schizophrenia (8) (9) (10) (11) (12) . This increased uptake is consistent with increased activity of dopa decarboxylase, an enzyme involved in dopamine synthesis. However, the relationship between the increase in dopa decarboxylase activity revealed by these studies and the synaptic output of dopamine is unclear, since the reaction catalyzed by dopa decarboxylase is not the rate-limiting step of dopamine synthesis. Second, three of three studies have reported an increase in amphetamineinduced dopamine release in patients with schizophrenia (13) (14) (15) . In these studies, changes in dopamine synaptic concentration were measured indirectly by the decrease in binding potential (BP) of the radiolabeled D 2 receptor antagonists [ This exaggerated dopaminergic response to amphetamine associated with schizophrenia was detected at onset of illness and during periods of illness exacerbation, but not during remissions (16) . A major limitation of these studies is that they measured changes in synaptic dopamine transmission after a nonphysiological challenge (i.e., amphetamine) and did not provide any information about synaptic dopamine levels at baseline-i.e., in the unchallenged state.
In this paper, we studied baseline occupancy of D 2 receptors by dopamine in patients with schizophrenia and in healthy control subjects. D 2 receptor availability was measured at baseline (i.e., in the absence of any pharmacological intervention) and during acute dopamine depletion. D 2 receptor availability was measured with single-photon computerized emission tomography (SPECT) during constant infusion of the radiolabeled D 2 receptor antagonist [ 123 I]IBZM. Acute dopamine depletion was achieved by administration of high doses of the tyrosine hydroxylase inhibitor ␣-methyl-para-tyrosine (␣-MPT) for 2 days (17, 18) . Since this duration of treatment is too short to induce detectable D 2 receptor up-regulation, the main difference between D 2 receptor availability measured at baseline and in the depleted state is because of the unmasking of D 2 receptors previously occupied by dopamine (19) . Therefore, comparing D 2 receptor availability at baseline and in the depleted state provided an indirect measure of the proportion of D 2 receptors occupied by dopamine in the baseline state (Fig. 1 ).
Materials and Methods
Subjects. The protocol was approved by the Institutional Review Boards of the New York State Psychiatric Institute and Columbia Presbyterian Medical Center. Patients were recruited after voluntary admission to a research ward (Schizophrenia Research Unit, New York State Psychiatric Institute) and were inpatients throughout the study. Capacity to provide informed consent was evaluated by a psychiatrist not associated with the study. According to the recommendations of the National Alliance for the Mentally Ill (Arlington, VA), assent from involved family members was also obtained.
Inclusion criteria for patients were as follows: The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. diagnosis; (iii) no lifetime history of alcohol or substance abuse or dependence; (iv) absence of any psychotropic medication for at least 21 days before the study (with the exception of lorazepam, which was allowed at a maximal dose of 3 mg per day up to 24 h before the study); (v) no concomitant or past severe medical conditions; (vi) no pregnancy; (vii) no current suicidal or homicidal ideation; and (ix) ability to provide informed consent. Inclusion criteria for the control group were (i) absence of past or present neurological or psychiatric illnesses, including substance abuse; (ii) no concomitant or past severe medical conditions; (iii) no pregnancy; and (iv) informed consent. (21) . The first scan was obtained in control conditions (baseline scan), on the first day of the study (day 1). The second scan was obtained on day 3, after dopamine depletion induced by oral administration of ␣-MPT, given at a dose of 1 g every 6 h for 2 days (for a total dose of 8 g). Thus, two measures of BP were obtained in each subject: at baseline (BP BASE ) and in the depleted state (BP DEPL ).
SPECT experiments were carried out as previously described (21) . Briefly, [ 123 I]IBZM with specific activity Ͼ5,000 Ci͞mmol (1 Ci ϭ 37 GBq) and radiochemical purity Ͼ95% was prepared by direct electrophilic radioiodination of the desiodo precursor BZM (22) . A total [ 123 I]IBZM dose of 7.6 Ϯ 1.7 mCi (mean Ϯ SD) was given as a bolus, followed by a continuous infusion for the duration of the experiment (240 min). The bolus to hourly infusion ratio was 3.92. This protocol of administration induces a state of sustained binding equilibrium after 150 min (21) . On both baseline and depleted days, SPECT data were acquired for 60 min, from 180 to 240 min after the initiation of [ 123 I]IBZM administration. SPECT data were acquired on the PRISM 3000 (Picker, Cleveland, Ohio) with high-resolution fan beam collimators (resolution at full width half-maximum, 11 mm). Scanning was performed with the following acquisition parameters: continuous acquisition mode; matrix, 64 ϫ 64 ϫ 32; angular range, 120°; angular steps, 3; seconds per step, 18; frame duration, 12 min; number of frames, 5; radius of rotation, 13.5 cm.
␣-MPT Administration. The dose and frequency of ␣-MPT administration (1 g four times a day for 2 days) were selected to provide and maintain significant inhibition of tyrosine hydroxylase activity (23) . ␣-MPT was given for 2 days, based on the expectation that this duration of treatment would be adequate to produce marked dopamine depletion but too short to induce significant D 2 receptor up-regulation (see discussion in ref. 19 ). The first ␣-MPT dose was given on the evening of day 1 (8 p.m.). On day 2, 1 g of ␣-MPT was administered at 7 a.m., noon, 6 p.m., and 11 p.m. On day 3, 1 g of ␣-MPT was given at 7 a.m., noon, and 1 h before the beginning of the second scanning session (5 p.m.). To prevent the formation of ␣-MPT crystals in the urine, subjects were instructed to drink at least 4 liters of fluids per day, starting the day before the study, and fluid intake was carefully monitored (23, 24) . Urinalysis was performed daily. Clinical evaluation, including orthostatic blood pressure monitoring, was obtained four times a day. Trough plasma ␣-MPT levels were measured 4 h after the seventh dose by using gas chromatography͞mass spectrometry.
Image Analysis. Frames were reconstructed by using a Butterworth filter (cutoff ϭ 1 cm, power factor ϭ 10) and transferred into the MEDx software system (Sensor Systems, Sterling, VA). Frames were realigned to each other, using a least-squares algorithm for within-modalities coregistration (automated image registration, AIR) (25) . The four slices with highest striatal uptake were summed, and attenuation was corrected assuming uniform attenuation within an ellipse drawn around the subject's head (attenuation coefficient ϭ 0.10 cm 2 ͞g). For each subject, the same attenuation ellipse was used for scans 1 and 2. Standard regions of interest of constant size (striatum 15,820 mm Right and left striatal regions were averaged. The average of frontal and occipital regions was used to define the nonspecific uptake. The image analysis protocol used here was different from the image analysis protocol used in our previously published feasibility study (19) . Analysis parameters were selected here to provide maximal protection against noise. For example, the size of the striatal region of interest (ROI) was larger than in the previous study. A larger ROI size protects against noise but increases the partial voluming effect. Similarly, we selected here a Butterworth filter rather than a Wiener filter, as in the previous study. The Butterworth filter is more robust with respect to noise than the Wiener filter, but, in phantom experiments, the slope of the relationship between true and measured target to background ratios was 0.69 for Butterworth versus 0.99 for Wiener (unpublished data).
Specific binding was defined as the difference between striatal activity and nonspecific activity. BP was calculated as the ratio of specific to nonspecific activity. The ␣-MPT-induced increase in BP was calculated as the difference between the BP BASE and BP DEPL , and this difference was expressed in percentage of BP BASE . BP is related to the receptor number (B max ) and affinity for [ symptom subscale, and a general psychopathology subscale. Baseline ratings were obtained 60 min before the first scanning session. Ratings in the depleted state were obtained 60 min before the scanning session on the depleted day. After the completion of the scans, patients were started on antipsychotic medication and remained on the research ward for the initial 6 weeks of treatment. The choice of the antipsychotic agent, as well as the dose, was determined by the treating psychiatrist on the basis of clinical indication. Clinical ratings were also obtained after 1 week and 6 weeks of antipsychotic treatment.
Statistical Analysis. Between-group comparisons were performed by using factorial ANOVA or repeated-measure ANOVA with group ϫ effect interaction, as appropriate. Relationships between continuous variables were analyzed with the Pearson product moment correlation coefficient. A probability value of 0.05 was selected as significance level.
Results
Group Composition. Twenty-four patients and 22 controls were recruited for this study. Eighteen patients and 18 controls completed the protocol. Reasons for noncompletion (n ϭ 10) included radiolabeling failure on the day of the second scan (n ϭ 1), technical problems with [ 123 I]IBZM infusion during the second scan (n ϭ 1), and intolerance to the side effects of ␣-MPT (n ϭ 8), resulting in withdrawal from the study. Common side effects included sedation, orthostatism, irritability, and bradykinesia. These side effects spontaneously resolved within 12 h of the last ␣-MPT administration. Uncommon side effects included acute dystonia (observed in 4 subjects), which resolved within minutes after diphenhydramine administration, and crystalluria (n ϭ 3), which resolved within 4 h upon i.v. fluid administration.
Completers were matched for age, gender, parental socioeconomic status, cigarette smoking, and weight (Table 1) . Among the 18 patients, 8 were antipsychotic naive and experiencing a first episode of illness. Ten patients were chronic and had been previously treated with antipsychotic drugs. In the previously treated group, the interval between the last antipsychotic administration and the first scan was 139 Ϯ 146 days. These previously treated patients were experiencing an episode of illness exacerbation at the time of recruitment and were admitted to the hospital for clinical reasons. Total PANNS scores were 71 Ϯ 12 in the first-episode patients and 63 Ϯ 11 in the chronic patients. Dopamine Levels: Patients Versus Controls. D 2 receptor availability was significantly higher after ␣-MPT exposure compared with baseline, and this effect was larger in patients compared with controls (repeated-measure ANOVA, patients versus controls: ␣-MPT effect, P Ͻ 0.001; ␣-MPT ϫ group interaction: P ϭ 0.0034, Table 2 ). Removal of endogenous dopamine by ␣-MPT treatment increased D 2 receptor availability by 9% Ϯ 7% in controls and by 19% Ϯ 11% in patients with schizophrenia (Fig. 2) . The variance of the ␣-MPT effect on D 2 receptor availability tended to be larger in schizophrenic patients compared with controls (variance ratio 0.40, P ϭ 0.072). Nonparametric tests (Mann-Whitney U) were also used to compare ␣-MPT-induced increase in D 2 receptor availability between groups, and this analysis revealed similar results (P ϭ 0.0065). Two patients exhibited ␣-MPT-induced increase in D 2 receptor availability of 53% and 38%, respectively, values corresponding to 3.0 and 1.7 SD above the mean of the schizophrenic group. After removal of these two patients, ␣-MPT-induced increase in D 2 receptor availability was 15% Ϯ 6% in patients with schizophrenia (n ϭ 16) versus 9% Ϯ 7% in controls (n ϭ 18). This difference was as significant (P ϭ 0.0033) as the difference observed in the complete data set (P ϭ 0.0034). No experimental factors were identified that would justify excluding these two observations.
No effect of age was observed on ␣-MPT-induced increase in D 2 receptor availability, neither in the entire sample (r 2 ϭ 0.01, P ϭ 0.47) nor in the groups considered separately (patients: r 2 ϭ 0.03, P ϭ 0.51; controls: r 2 ϭ 0.01, P ϭ 0.63). No effect of gender was observed on ␣-MPT-induced increase in D 2 receptor availability, neither in the entire sample (P ϭ 0.40) nor in the groups considered separately (patients: P ϭ 0.58; controls: P ϭ 0.46).
The differential effect of ␣-MPT between patients and controls was not due to differences in ␣-MPT bioavailability. ␣-MPT plasma levels were not different in controls (19 Ϯ 6 g͞ml) and patients (21 Ϯ 6 g͞ml, P ϭ 0.522). ␣-MPT plasma levels were not correlated with the magnitude of the ␣-MPT effect on D 2 receptor availability, neither in the controls (r 2 ϭ 0.002, P ϭ 0.86) nor in the patients (r 2 ϭ 0.10, P ϭ 0.22).
D2 Receptor Binding Potential: Patients Versus Controls.
At baseline, no difference was observed in D 2 receptor availability between controls and patients with schizophrenia (P ϭ 0.377). However, after removal of endogenous dopamine, D 2 receptor availability was significantly higher in patients with schizophrenia compared with controls (P ϭ 0.009; Table 2 ). Table 3 , ␣-MPT effect on D 2 receptor availability was not statistically different between drug-naive (n ϭ 8, 17% Ϯ 6%) and previously treated patients (n ϭ 10, 20% Ϯ 15%, repeated-measure ANOVA, drug-naive patients versus previously treated patients: ␣-MPT ϫ group interaction: P ϭ 0.46). Both groups were significantly different from controls (repeated-measure ANOVA, drug-naive patients versus controls: ␣-MPT ϫ group interaction: P ϭ 0.0088; previously treated patients versus controls: ␣-MPT ϫ group interaction: P ϭ 0.0082). In previously treated patients, no relationship was observed between duration of the drug-free interval and ␣-MPT effect on D 2 receptor availability (r 2 ϭ 0.16, P ϭ 0.27). Thus, the increased occupancy of D 2 receptors by dopamine observed in patients with schizophrenia was present at onset of illness and was not a consequence of previous neuroleptic administration.
Effect of Previous Neuroleptic Treatment. As summarized in
In contrast, the higher D 2 receptor BP measured after endogenous dopamine depletion reached significance only in the previously treated group (P ϭ 0.038), not in the drug-naive group (P ϭ 0.188). In previously treated patients, D 2 receptor availability was related to the drug-free interval, i.e., larger in patients with shorter washout periods (r 2 ϭ 0.47, P ϭ 0.03). Thus, there was indirect evidence that the higher D 2 receptor density measured in the chronic patients after endogenous dopamine depletion might be a side effect of previous neuroleptic exposure. Dopamine Levels and Prediction of Treatment. Fourteen of 18 patients agreed to complete the 6-week period of antipsychotic medication as inpatients (4 patients elected to be treated as outpatients and were excluded from the treatment phase of the study). To optimize clinical benefit, the choice and doses of antipsychotic medication were decided by the clinician on an individual basis. Thirteen of 14 patients were treated with atypical antipsychotic drugs (olanzapine, n ϭ 8; clozapine, n ϭ 1; risperidone, n ϭ 2; and quetiapine, n ϭ 2). One patient was treated with haloperidol. Benzodiazepine medications were added as needed. Table 4 presents the clinical ratings at baseline, during ␣-MPT-induced dopamine depletion, after 1 week of antipsychotic treatment, and after 6 weeks of antipsychotic treatment in this subset of 14 patients. Compared with baseline, a significant decrease in positive symptoms was measured at each time point (P Ͻ 0.0001). Changes in negative symptoms were not significant. A large between subject variability was observed in the positive symptoms improvement at 6 weeks (28% Ϯ 16%).
Higher synaptic levels of dopamine at baseline, as measured by the ␣-MPT effect on D 2 receptor BP, were significantly associated with greater improvement of positive symptoms after 6 weeks of antipsychotic treatment (r 2 ϭ 0.58, P ϭ 0.0029, Fig. 3 ).
Discussion
The results of this study suggest that dopamine occupies a greater proportion of striatal D 2 receptors in patients with schizophrenia compared with matched control subjects during first episode of illness and subsequent episodes of illness exacerbation. The dysregulation of dopamine transmission revealed by the imaging study was predictive of better response of positive symptoms to antipsychotic treatment. The significance of this result stems from the fact that the paradigm used here reveals D 2 receptor occupancy by dopamine during the baseline scan-i.e., in the absence of any pharmacological intervention. ␣-MPT-induced dopamine depletion resulted in 9% Ϯ 7% and 19% Ϯ 11% increases in D 2 receptor availability in control subjects and patients with schizophrenia, respectively. If ␣-MPTinduced dopamine depletion was complete, this increase in D 2 receptor availability would indicate that dopamine occupies 8% Ϯ 6% of D 2 receptors in controls versus 15% Ϯ 7% in patients with schizophrenia. It should be noted, however, that the precise occupancy of D 2 receptors by dopamine cannot be calculated, because the exact magnitude of dopamine depletion achieved in this study is unknown.
We estimate that about 70-80% depletion of striatal dopamine was achieved in this study. At 4 g per day, ␣-MPT induces 70% depletion in cerebrospinal fluid homovanillic acid (HVA), and it is expected that the magnitude of dopamine depletion is larger than HVA depletion (27) . Furthermore, at least 80% dopamine depletion or 80% D 2 receptor blockade is needed to produce extrapyramidal symptoms (28, 29) . While most of the subjects presented extrapyramidal symptoms, the moderate level of these symptoms likewise suggested a depletion in the 70-80% range. Assuming that ␣-MPT treatment resulted in 70% depletion of endogenous dopamine, the occupancy of D 2 receptors by dopamine would be 12% Ϯ 9% in control subjects versus 22% Ϯ 10% in patients with schizophrenia (as derived with equation 9 of ref. 19 ). The conclusion that occupancy of D 2 receptors by dopamine is increased in patients with schizophrenia compared with controls is valid even if the depletion is incomplete.
Nevertheless, two assumptions are required to support this conclusion. First, the relative magnitude of dopamine depletion should be comparable between groups. This assumption is supported by the observation of similar plasma ␣-MPT levels in the two groups. However, a better penetration of ␣-MPT into the brains of patients with schizophrenia, although unlikely, cannot be ruled out a priori. Cerebrospinal fluid measurements of ␣-MPT would be needed to confirm this point. Similarly, we cannot rule out a larger sensitivity of tyrosine hydroxylase to ␣-MPT blockade in patients with schizophrenia compared with controls.
Second, this conclusion implies that no significant upregulation of D 2 receptors occurred during the acute dopamine depletion. This assumption is supported by the observation that, in rodents, no significant D 2 receptor up-regulation is detectable after 1 week of dopamine depletion induced by 6-hydroxydopamine (30) . We confirmed this observation by comparing [ 125 I]IBZM B max measured in vitro in rodents treated for 48 h with a high dose (400 mg͞kg per day s.c.) of ␣-MPT (256 Ϯ 28 fmol͞mg of protein, n ϭ 7) and with saline (228 Ϯ 63 fmol͞mg of protein, n ϭ 7, unpaired t test, P ϭ 0.31) (19) . However, it is unknown if the lack of detectable up-regulation of D 2 receptors after short-term dopamine depletion (1 week or less) in rodents can be extrapolated to humans, and to patients with schizophrenia. We should also note that the mechanisms underlying changes in [ Recent imaging studies clearly indicate that the competition between endogenous dopamine and radiolabeled tracers takes place at the intrasynaptic rather than extrasynaptic receptors. Drugs that enhance dopamine release without blocking dopamine transporters (nicotine, ketanserin) induce significant [ 11 C]raclopride displacement without significantly affecting microdialysis measurements of extracellular dopamine (32, 33) . Therefore, D 2 receptors located in the synaptic space appear to be the receptors involved in these endogenous competition studies. This point is important, as it clarifies that these data are compatible with increased phasic activity of dopamine neurons. Grace (34, 35) proposed the term ''phasic release'' to characterize the intrasynaptic release of dopamine elicited by cell firing, and the term ''tonic release'' to characterize the low level of extrasynaptic release that occurs independent of cell firing. He also proposed that, in schizophrenia, increased phasic activity of dopamine neurons might be secondary to decreased tonic activity due to deficits in prefrontal-striatal glutamatergic drive, which controls tonic release. In that sense, our data are in accordance with the hypothesis advanced by Grace (34, 35) .
The higher occupancy of D 2 receptors by dopamine in patients with schizophrenia was not a long-term consequence of previous exposure to D 2 receptor antagonists. Thus, this factor appears to be associated with schizophrenia per se. However, because patients studied here were experiencing an acute episode of illness (first episode or relapse), we cannot conclude that this dysregulation is also present during periods of illness remission. A study of patients during remission phase is needed to clarify this point.
After removal of dopamine, higher D 2 receptor BP was measured in patients with schizophrenia compared with controls. This observation was consistent with the proposition that radiotracers sensitive to competition by endogenous dopamine may fail to detect an increase in density of D 2 receptors in schizophrenia due to higher synaptic levels of dopamine (36, 37) and helps to clarify the discrepant results obtained when measuring D 2 receptors in patients with schizophrenia by using radiotracers that are sensitive (i.e., [ 11 C]raclopride) or insensitive (i.e., N-[ Interestingly, in the schizophrenia group, global severity of positive symptoms did not correlate with occupancy of striatal D 2 receptors by dopamine. This negative result might be due to the limited resolution of the SPECT camera. Considerable preclinical evidence from rodent studies supports that antipsychotic drug action is associated with D 2 receptor antagonism in the mesolimbic (ventral striatal, including nucleus accumbens) rather than the nigrostriatal (dorso-striatal) dopamine systems (for review see ref. 43 ). The limited resolution of the SPECT camera prevented us from distinguishing the respective contributions of the ventral and dorsal striata to the SPECT signal. Studies with a high-resolution positronemission tomography camera are needed to clarify this point.
On the other hand, this negative result might indicate that the severity of positive symptoms rated cross-sectionally by the PANSS depends mostly on factors located downstream from the mesolimbic dopaminergic synapses. The dysfunctional neuronal circuits that underlie the experience of positive symptoms are likely to involve dysregulated prefrontal-ventral striatal-ventral pallidal-mediodorsal thalamic-prefrontal loops, and their regulation by hippocampal and amygdalar afferents (54) (55) (56) . The results of this and previous studies (13) (14) (15) directly confirm that these loops are under modulatory influence of subcortical dopamine. A sudden rise in subcortical dopamine (such as measured following amphetamine) will exacerbate these symptoms, whereas a sudden decline in dopamine (such as measured following ␣-MPT) will blunt their intensity. Thus, psychotic symptomatology includes both dopaminedependent and dopamine-independent components, with the respective contribution of each component varying from patient to patient (and presumably varying with time within the same patient). Ellinwood (44) proposed that suspiciousness͞paranoia is the most ''dopamine dependent'' dimension of psychosis. This hypothesis was supported by the fact that suspiciousness severity was associated at trend level with intensity of stimulation of D 2 receptors by dopamine.
Schizophrenic patients who experienced positive symptoms in the presence of increased dopamine stimulation of D 2 receptors showed a remarkable and rapid decline in these symptoms after treatment with antipsychotic drugs. On the other hand, subjects who experienced positive symptoms in the presence of apparently normal stimulation of D 2 receptors by dopamine showed little improvement of these symptoms after 6 weeks of antipsychotic treatment. The fact that high levels of synaptic dopamine at baseline predicted better or faster response to atypical antipsychotic drugs (13 of 14 patients were treated with atypical drugs) also suggests that the D 2 receptor blockade induced by these drugs remains a key component of their initial mode of action.
Contrary to widely accepted views, antipsychotic drugs have only partial efficacy against positive symptoms. A substantial proportion of schizophrenic patients, possibly a third, remain actively psychotic despite appropriate and prolonged blockade of D 2 receptors (45, 46) . The data presented in this study suggest that, in some patients, blockade of D 2 receptors by antipsychotic drugs fails to significantly alter positive symptoms because these symptoms might not be related to excessive stimulation of these receptors by dopamine. Evidently, 6 weeks is too short to document treatment failure, and a study examining longer-term outcome is warranted to further assess this issue. Nevertheless, this observation suggests that even atypical antipsychotic drugs such as olanzapine might not provide immediate benefit in psychotic patients with unaltered dopamine levels. In these patients, psychotic symptoms may reflect a nondopaminergic chemical imbalance, such as a deficiency in glutamatergic function (47) (48) (49) (50) . These data reinforce the need for alternative pharmacological approaches to the treatment of psychotic symptoms in schizophrenia.
In conclusion, this study provides direct in vivo evidence that schizophrenia is associated with excessive stimulation of D 2 receptors by dopamine, and that this dysregulation is predictive of good treatment response to antipsychotic drugs. Both results warrant replication in a larger cohort. Dysregulation of subcortical dopamine function in schizophrenia may be secondary to a failure of prefrontal cortical control of subcortical dopaminergic function (43, 51, 52) . Additional studies are needed to explore the relationship between prefrontal pathology and subcortical dopamine dysfunction in schizophrenia.
